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Abstract
Beyond fundamental aspects of crystal growth and morphology, the growth of minerals is a challenging subject because in most
cases we face a problem with unknown growth conditions. Actually, in the field of geological studies, we have to decipher the
growth conditions of a crystal using the information contained in the very crystal. One of these characteristics of crystals that contain
information about their growth is their morphology and time evolution. In this article, we introduce the subject of crystal mor-
phology by using three important minerals, calcite, halite and gypsum, as three didactic case studies to illustrate the application of
the current knowledge in the field.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Minerals are, by a vast majority, natural crystals. They
grew under unknown conditions that we must reveal with
the information contained in their own physical and chem-
ical features. Among these features, their morphology and
the surface topography of their faces are key to under-
stand their growth mechanisms. This is why the study
of crystal morphology is so important for mineral growth
and the reason why mineralogists were the first to con-
tribute the main ideas for the understanding of the shape
of crystals. One of these ideas is the differentiation
between the morphology derived from the crystal struc-
ture – termed structural morphology – and the actual
morphology of the crystals as found in nature – termed
growth morphology. The structural morphology is drawn
by the faces that a crystal will develop considering only
the structural and bonding properties of the different khl
planes of its structure. In some cases, the structural mor-
phology has been associated with the “equilibrium mor-
phology”, which is the morphology of a crystal in
equilibrium with the solution, gas or melt. However, by
definition, this equilibrium morphology should include
the interaction of the crystal faces with the mother phase
and therefore do not necessarily fit the structural mor-
phology. The third and most important type of morphol-
ogy is the termed growth morphology, which is the
morphology of the crystals that result from the interac-
tion of the crystal surfaces with the solution, melt or gas,
from which a crystal grew, including not only their chem-
ical composition, but also the values of the physical pa-
rameters relevant to crystallization, such as temperature,
supersaturation, pressure, fluid dynamics and the pres-
ence of impurities in the mother phase.
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By definition, the growth of actual crystal is a func-
tion of time. The conditions under which minerals grow
in most cases vary from their nucleation to the cessa-
tion of growth. Therefore, in very few cases, the crys-
tals kept the same growth faces and the same relative
development of faces. Actually, even the dominant growth
mechanism may change during the growth history. The
morphology of the mineral we found in the field is
the one frozen at the end of the growth process. But the
growth history of the crystal can be studied from their
cross sections. To extract information from all these in-
ternal features it is important to understand what con-
trols the morphology of a growing crystal.
There are several reviews and books that explain the
different types of morphology and fundamental aspects
of crystal morphology, which are referenced in a sepa-
rate list of monographs at the end of the manuscript.
However, there are very few studies where the different
theoretical aspects are explained in detail to specify real
cases of crystal growth. Therefore, for this tutorial review,
rather than to offer again a theoretical treatment of crystal
morphology, we have preferred to present in detail the
morphological characterization of three minerals that are
of enormous interest because their natural abundance, their
industrial interest and their challenge to understand their
growth morphology. We have selected the case of halite,
NaCl, calcite (CaCO3) and gypsum (CaSO4·2H2O). All
the three cases deal with single or twinned crystal. For
a treatment of growth pattern the reader is referred to a
recent review and the references therein (García-Ruiz and
Otálora, 2015).
2. Halite (NaCl, space group Fm3m)
2.1. Geological occurrence and industrial importance
Halite, chemically sodium chloride (NaCl), is the
mineral commonly known as salt (Fig. 1). In geology, a
rock composed primarily of halite is known as “rock salt.”
Geologically speaking, halite is an evaporitic mineral that
forms by evaporation in arid climates. Large deposits of
salts have their origin in the desiccation of seas, like in
the so-called Messinian crisis when the influx of water
from the Atlantic to the Mediterranean ceased or was so
small that did not match the flow due to evaporation. Con-
temporaneously, inland lakes such as the Great Salt Lake
(U.S.) and the Dead Sea between Jordan and Israel are
also locations where halite is forming today.
Halite has weak hardness (Mohs scale 3) and, under
quite moderate pressure, rock salt flows much like ice.
The dry Zagros Mountains (Iran) feature some notable
salt glaciers. So does the continental slope of the Gulf
of Mexico, where there’s so much buried salt that it can
emerge faster than the sea dissolving it. Besides flowing
downward as glaciers, salt can rise upward into overly-
ing rock beds as buoyant, balloon-shaped bodies (salt
diapir) which are widespread in the south-central United
States, in the Gulf of Mexico; large fields of salt domes
have also been discovered in Angola, Brazil, Canada,
Gabon, Germany, Iran and Iraq. Rocksalt is an imper-
meable rock that has the ability to seal fractures that might
develop within it. This property of the salt rocks can make
them important sites for underground storage or under-
ground disposal of hazardous waste, including nuclear
waste. Man-made caverns in salt domes have been used
as repositories for oil field drilling waste and other types
of hazardous waste in the United States and other
countries.
Beyond their importance in Earth Sciences, sodium
chloride is also a very important industrial material. Until
the technological revolution, salt was considered the most
important mineral resource because of its importance as
a food preservative. Even today, salt is a precious ma-
terial in arid or isolated regions of the planet because it
is vital in our diet as well as in the diet of animals. In
first world countries, crystal morphology, texture and com-
position of halite are subjects of continuous investiga-
tion. Today, it is also very important that the use of halite
in the chloralkali industry as well as in de-icing for winter
road maintenance, and as the main component in desal-
ination factories. In addition to these applications, re-
search on halite crystallization is driven also because halite
is a byproduct of many chemical engineering and natural
processes that have a tendency to cake, i.e., to form large
agglomerates of material. It is therefore pertinent to
develop methods of how to engineer the NaCl crystals
to reduce or remove caking.
Fig. 1. The cubic habit of a natural sample of Halite (Wieliczka, Poland).
Photo: J.M. García-Ruiz.
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2.2. Crystal structure and growth morphology of
natural halite
Halite crystallizes in the cubic system, with a face cen-
tered lattice, f.c.c. (space group Fm3m), its lattice pa-
rameter being a0 = 5.64Å. Halite, along with all the f.c.c.
alkali halides, exhibits a peculiar feature: while the ideal
surface structure of both the cube {100} (Fig. 2a) and
the rhomb-dodecahedron {110} (Fig. 2b,c) are not polar
since the lattice planes of indices h00 and hh0 are elec-
trically neutral, the ideal octahedron {111} faces (Fig.
2d,e) are unstable since they are electrostatically polar,
even if the structure of the crystal bulk is center-
symmetric, for positively and negatively charged
lattice planes alternate along the four equivalent
<111 > directions.
This implies that when halite grows from vapor phase,
the only form present is the cube, as it was found two
centuries ago, when analyzing the sublimation prod-
ucts of blast furnaces. However, when growing from pure
aqueous solution, the sole {111} octahedron truncates the
cube when the solution supersaturation (β) exceeds a crit-
ical value related to the specific crystal species among
all the alkali halides having f.c.c. structure, as proved in
the Sixties by Bienfait et al. [1].
The morphology of natural halite is largely domi-
nated by the cube {100}; the {110} and {111} forms are
seldom present. When crystals grow by evaporation from
aqueous solution the perfection of the cube faces is usually
lost; owing to the high values of the supersaturation,
hopper shaped {100} faces appear along with dendritic
branches developing in the <111 > directions. This is the
main reason of the halite tendency to cake. Hence, the
best way to face this problem is to search for additives
able to favor the appearance of the {111} form, thus avoid-
ing the morphological instability such as the “hazard-
ous” dendritic growth.
2.3. Experimental observations on the habit changes
in NaCl
Historically, the first example of a habit modifier for
NaCl was discovered, in 1783, by Romé d’Isle who re-
ported the habit change from {100} → {100} + {111}
in the presence of urea [2]. This has led to the discov-
ery of other NaCl habit modifiers such as formamide,
cadmium chloride, ferrocyanide ions and, recently, poly-
meric additives. Gille and Spangeberg [3] found {100}
→{111} change by evaporating aqueous NaCl solu-
tions in the presence of formamide. A wider research was
done in the Bienfait et al.’s group [1]: the stability domains
of {100} and {111} forms was identified as a function
of two parameters: the initial supersaturation of the so-
lution with respect to NaCl and the formamide concen-
tration in solution (morphodrome). An interpretation was
attempted by considering that both urea and formamide,
due to their similar steric hindrance, do occupy the vacant
sites on the octopolar reconstructed {111} form, where
the surface electric field reaches its highest value. The
stability of the {111} form should further increase (with
respect to that obtained in pure aqueous solution) since
the dipole moment of urea and formamide is definitely
higher than that of the water molecule.
Hartman [4] gave an original interpretation to the
{100}→{100} + {111} habit change, occurring when
NaCl grows from Cd-doped aqueous solution. Starting
from the Royer’s hypothesis about the epitaxy [5], he
imagined that a 2D-(00.1) layer of the rhombohedral
CdCl2 can form a good epitaxy with the (111)-NaCl face,
following the coincidences between the triangular 2D lat-
tices of both crystal faces. According to this model, the
CdCl2 impurity is adsorbed as an ordered phase and: (i)
on one hand, it lowers the specific surface energy of the
(111) face of the NaCl crystal, which probably enters the
equilibrium shape of the crystal in the doped solution;
Fig. 2. Ideal surface structure of: (a) the cube {100}; (b, c) the rhomb-dodecahedron {110}; (d, e) the octahedron {111}. Bonds are highlighted.
One can see that the contiguous lattice planes, parallel to the {100} and {110} faces, are electrically neutral; on the contrary, the lattice planes
parallel to the {111} form are alternately populated by positive and negative charges. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(ii) on the other hand, the growth kinetics of the (111)
face decreases as well, since the percentage of fresh (111)
NaCl surface is surely reduced by the CdCl2 adsorbed
2D islands.
Later on, Boistelle and Simon [6] observed a 3D
epitaxy between the {111}-NaCl faces and the {00.1}
faces of a rhombohedral mixed salt of composition
CdCl2·2 NaCl·3H2O, which can form in Cd-doped NaCl
supersaturated aqueous solutions. Then, they were able
to show as well that a 2D epitaxial coincidence between
the {00.1} faces of this mixed salt results to be even better
than that calculated by Hartman. Accordingly, the idea
of the habit change due to the action of a specific im-
purity adsorbed as an epitaxial layer is reinforced.
Low concentration of the anion Fe(CN)64− is com-
monly used to prevent or control NaCl nucleation and
growth in weathered rocks and construction materials (e.g.,
stones and concrete), and to avoid salt crystallization
damage due to NaCl sub-fluorescence growth in porous
stones. Alternatively it is used as an anticaking agent for
road deicing or as an additive for the food industry.
Coming back to formamide, this additive is not known
for its efficiency as a NaCl habit modifier, at very low
or low concentrations, or for its industrial applications.
Nevertheless, its ability to progressively modify the NaCl
habit when its concentration in aqueous solutions varies
from 0 to 100%, makes it of relevant interest to inves-
tigate, from the fundamental point of view, the growth
mechanisms in the system: formamide−water−NaCl
crystal (Fig. 3).
Recently, Radenovic´ et al. [8a,8b] confirmed the above-
mentioned observations by evaporating at room temper-
ature NaCl aqueous solutions containing up to 30% of
formamide and outlined that the presence of formamide
enhances the quality of NaCl crystals, since the number
of fluid inclusions sharply decreases with respect to those
found after growth from pure aqueous solutions. More-
over, through a surface X-ray diffraction (SXRD) deter-
mination of the {111} NaCl−liquid interface structure and
using ultrathin water or formamide adsorbed liquid layers,
they ascertained that: (i) the crystal surface is smooth and
is not reconstructed; (ii) small differences in surface struc-
ture between the water or formamide liquid layers, which
nevertheless lead to dramatic differences in crystal mor-
phology. From SXRD, they determined as well that the
{111} surface is Na+ terminated for both environmental
conditions and that 0.25–0.5 of a monolayer of lateral-
ly disordered Cl− ions is located on top of a fully ordered
Na+ crystal surface with occupancy 0.75–1.0. Accord-
ingly, the polar surface is stabilized through the forma-
tion of an electrochemical double layer. A further
consideration has been proposed to detail the influence
of formamide on the NaCl morphological change: they
noticed that for alkali halide crystals grown from satu-
rated formamide solutions, the appearance of the {111}
form is strictly related to their unit cell size [8b]. Very
recently, they also discovered [8c] that a polymer addi-
tive containing an amide functional group induces the for-
mation of the {111} faces on NaCl crystals with a one
to two orders of magnitude stronger effect than the cor-
responding monomer; this is a consequence of the en-
hanced bonding of the polymer compared with the
monomer. However, if the polymer does not contain a
suitable active functional group for habit modification,
the anticaking effect is nil and the crystal habit shows
only the cube (Fig. 4).
As mentioned above, during the last four decades many
contributions concerned mainly the nature and occur-
rence of the octahedron (both from vapor and solution
growth) were extensively discussed from the experimen-
tal and theoretical point of view. Recently, the exis-
tence of the octahedron in aqueous solution has been
experimentally excluded, except in the presence of crit-
ical amounts of specific impurities. This means that a con-
Fig. 3. Habit change occurring on NaCl crystals when formamide is added during growth from aqueous solution. Reprinted with permission from
Pastero et al. [7]. Copyright © 2012, ACS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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troversy has been generated in the scientific community
about the morphology of a structurally simple but very
important series of minerals such as the f.c.c. alkali
halides.
2.4. Explaining the NaCl morphology change {100}
→ {110} + {111}
For the sake of clarity, we will recollect the funda-
mentals to explain the well-tested experimental obser-
vation following two different paths. First, we will search
the theoretical equilibrium shape of halite, having kept
in mind that the equilibrium shape of a crystal is unique,
according to the Curie-Gibbs condition [10], which
has to be fulfilled for a crystal, at thermodynamic
equilibrium:
Φi i ii
n S V= = =
=
∑ γ δ1 0minimum; (1a)
where Φi, the total surface energy of a crystal limited by
i faces (each having surface area, Si, and specific surface
energy, γi) should be minimal, while the crystal volume
V does not vary.







= = = = constant (1b)
where the term hi is proportional to the distance (in the 3D
space) from the i face to a arbitrarily fixed point. This con-
tinuous proportion shows that higher the γi value, the higher
the distance hi : accordingly, the equilibrium shape will be
a convex polyhedron limited by the faces with lowest surface
energy values. Equation (1b) is nothing else than the Wulff’s
theorem and the corresponding polyhedron representing the
equilibrium shape is called the Wulff’s plot [11]. Then, the
equilibrium shape only depends on the specific surface en-
ergies (γi), i.e. from the thermodynamic properties of the
interface crystal/mother phase.
Secondly, we will attempt a reasonable interpreta-
tion of the growth shapes, which are not unique, since
they depend on the character of the crystal forms, on
kinetic factors affecting the mother phase, on fluid dy-
namics and on the density and quality of defects arising
in the crystal bulk.
2.4.1. NaCl crystallography
Stranski [12a], Bertaut [12b] and Hartman [12c] the-
oretically proved that the ideal {111} surfaces of the NaCl-
like structures cannot be stable in the presence of their
own vapor. Fig. 2 shows that these ideal surfaces are made
either by a 2D array of positive (Na+) or negative (Cl−)
charges. In other words, the two outmost surface layers
can be seen as 2D arrays of iso-oriented electric dipoles.
This make unstable the surface, since the lattice sum rep-
resenting the potential energy of an infinite slab of thick-
Fig. 4. Morphology of NaCl crystals grown from pure aqueous solutions in a closed system according to different temperature gradients (T vs
time). Initial Tsat and final Tcryst are 95 and −5 °C, respectively. Only {100} form is observed when the gradient is lower than 3.5 °C/h; {100} and
{111} forms coexist when the gradient varies in between 3.5 and 8 °C/h; for higher gradients no crystals have been observed. The mid-line cor-
responds to the slope of 4 °C/h. Second generation crystals are composed by {100} + {111} forms, while in larger crystals (first generation) only
{100} form survives to the kinetic competition. Adapted from Aquilano et al. [9]. Courtesy by Elsevier.
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ness equal to n × d111 does not converge near the outermost
111 planes, even if n is finite. On the contrary, finite
(7 × 7 nm2) triangular NaCl (111) islands having three-
layered Na–Cl–Na bulk structure are stable, as it has been
observed in the aluminum/NaCl vapor-phase epitaxy [13].
An opposite situation obtains, for the{100} form, where
each 100 plane is electrically neutral and hence the po-
tential energy near the {100} surface maintains bal-
anced even for infinite slab extension. Among the ways
proposed to cancel out the dipole moment normal to the
ideal {111} form, we will confine our attention to the
stable {111} surfaces as reconstructed by octopoles, which
is by far the most reasonable model [14], since it is the
only one for which an experimental evidence was found
for the vapor growth [15] and also because this way of
reconstructing respects the symmetry of the surface point
group. Octopoles are electrically neutral objects lacking
dipole moment (Fig. 5, left), which can be imagined to
build a crystal showing both {100} and {111} forms that,
in turn, can be generated by different stacking of octopoles
along the main directions <100 > . Hence, the recon-
structed octahedron does not exhibit dipole moment on
its surfaces (Fig. 5, center); moreover, its outermost layer
contains only 25% of the available lattice sites, while the
two layers below contain 75% and 100% of the sites. One
should also consider that such a reconstruction changes
the resulting surface symmetry: in fact, if the (111) face
is Na-terminated, the ( 111 ) face will result Cl-terminated;
then, the surface symmetry of the octahedron is broken
and is replaced by that of two complementary tetrahe-
dra showing opposite charges on their surfaces (Fig. 5,
right). So, the unchanged m3m point group of the crystal
bulk will coexist with the “surface” point group 43m,
the two point groups being not incompatible, since 43m
is a subgroup of m3m.
2.4.2. The equilibrium shape of halite
On this ground and for the first time, all the factors
that contribute to determine the specific surface ener-
gies, γ100 and γ111, for the crystal/vapor interface in the
range of the usual experimental temperatures have been
considered; a quantum mechanical study was carried out
on the bulk and surface structures of both {100} and {111}
forms, once their geometries were optimized at the density
functional theory (DFT) level [16].
Then, γ values were determined as a function of the
temperature (both vibrational, bulk and surface, and
surface configurational entropies were considered) by
implementing a thermodynamic model already elabo-
rated by Kern [17]. The values we calculated at T = 25 °C
were γ 100 120halite = and γ 111 2310halite = −erg cm , respective-
ly. This means that at room temperature and in the pres-
ence of its own vapor, the equilibrium shape of halite is
only made by the cube, since the geometrical con-
straint ( γ γ111 1003halite halite< ) to enter the equilibrium poly-
hedron is not fulfilled by the {111} form.
Since halite mainly grows from aqueous solution, one
has to investigate if its equilibrium shape could change
when water adsorption is considered, i.e. we must eval-
uate both γ NaCl solution−100 and γ NaCl solution−111 . To this end, we
used:
(i) γ sat sol vap. − , the surface energy between the NaCl
saturated solution and the surrounding water vapor,
which is equal to 82 erg cm−2, at the pressure of 1
atm and at 25 °C [18,19],
(ii) γ water vap− , the surface energy between liquid
water and its vapor, equal to 72 erg cm−2.
(iii) γ NaCl solution−100 , the specific surface energy between
the {100} NaCl form and its saturated solution, at
T = 25 °C, equal to 63 erg cm−2 [19].
It should be remembered as well that the same authors
[19] obtained γ NaCl100 114= erg cm−2, which agrees
fairly well with the value γ 100 2120halite = −erg cm calcu-
lated above. Thus, one can reasonably assume, for
the equilibrium crystal/its vapor, the mean value
γ NaCl vapor− −=100 2117 erg cm .
Fig. 5. (Left) NaCl octopole; (center) NaCl octahedron built by octopoles; (right) view of the outmost layer of the {111} form built by octopoles.
Surface symmetry is that of two complementary tetrahedra showing opposite charges on their surfaces. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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When two condensed phases (e.g. a crystal and a
liquid) have a common interface, in the presence of a
common vapor phase, the interfacial energy γ solid liquid is
ruled by the Dupré’s relation [16, pg. 90]:
γ γ γ βsolid liquid solid vapor liquid vapor solid liquidadhesion= + − (2a)
By applying this formula to the {100} NaCl form im-
mersed in its own saturated solution, at T = 25 °C, it
follows:
γ γ γ βNaCl solution NaCl vapor solution vapor NaCl− − ( )= + −100 100 100 solutionadh
(2b)
where βNaCl solutionadh 100( ) represents the specific adhesion
energy between a (100) NaCl face and the surrounding
solution at equilibrium; from the just quoted values one
finds the calculated value: βNaCl solutionadh 100 2136( ) −= erg cm .
When dealing with the contact between two condensed
phases, a key question arises about the reliability of the
calculated energy values: is it reasonable that the calcu-
lated value we found is βNaCl solutionadh 100( ) ? From the general
Young’s and Dupré’s relations one deduces that the
adhesion energy, between a solid and the 3D-liquid
surrounding it, must respect the constraint:
β γsolid solutionadh solution vapor≤ 2 . In our case, it follows that
our calculated value βNaCl solutionadh 100 2164( ) −≤ erg cm
does fulfil the quoted constraint. From contact
angle measurements, von Engelhardt obtained
βNaCl solutionadh 100 2162 3( ) −= . erg cm , which indicates a
quasi-perfect wetting [20]. It was measured as well:
βNaCl solutionadh 111 2158 55( ) −= . erg cm . Then, using the
value we calculated ( γ NaCl vapor− −=111 2310 erg cm ), one
should obtain γ NaCl solution− −=111 2233 45. erg cm , which is
more than twice the value needed in order for the {111}
form to enter the equilibrium shape of NaCl in pure
aqueous solution.
When summarizing, it is reasonable to assess about
the habit of halite:
(i) The{111} halite form cannot belong to the equi-
librium polyhedron of the NaCl crystal in pure
aqueous solution and hence it cannot appear on the
unstable shape of the critical nuclei. It follows that:
(ii) The presence of the octahedron on the shape of the
NaCl crystals grown from pure aqueous solution
should be only due to a kinetic effect. According-
ly, a mechanism should be found to explain how
a face that does not appear on the nucleation shape
can appear in the growth shape, as we observed.
In other words, one has to imagine some changes
in the stability of the steps spreading on the adja-
cent faces so as to allow the generation of a new
surface at their convergence point.
2.4.3. The growth shapes of halite
Once the ambiguity between equilibrium and growth
shapes has been moved, new questions do arise about the
mechanism(s) working on the {100} → {100} + {111}
NaCl habit change in the presence of formamide.
(i) Is the single adsorbed molecule of the additive,
which interacts with peculiar adsorption sites of the
growing NaCl crystal, releasing different adsorp-
tion energies on the different crystal forms and
then differently affecting their advancement
rates?
(ii) Otherwise, is the cooperative effect of the ad-
sorbed additive molecules, which are forced to lat-
erally interact among themselves by the crystal field
of the substrate, transforming a random adsorp-
tion in an ordered (epitaxial) one?
(iii) Finally, are there experimental evidences of an
intimate relationships substrate/additive, which
allows the additive to enter (either disordered or
ordered) in one (more) sector of the growing
crystal?
2.4.3.1. SEM observations and experimental X-ray
Powder Diffraction (XRPD) diagrams on NaCl crys-
tals grown in the presence of variable concentrations
of formamide. First, we observed [7] (Fig. 6) the prod-
ucts of our crystallization by a Scanning Electron Mi-
croscope, which is an instrument that allows to obtain
an “objective information.” This is used because the in-
formation done by optical microscopy (on the same sub-
jects) can be criticized as “subjective,” especially when
operating in transmitted light.
Second, XRPD diagrams have been obtained on the
just mentioned products of crystallization, focusing
the attention on the diffraction peaks corresponding to
the d002 and d111-NaCl spacing (Fig. 7).
From a detailed decomposition of the just men-
tioned XRPD peaks, it follows that two well crystal-
lized phases, NaCl and formamide, can coexist within
the same crystallite, formamide being entered in the {111}-
NaCl sectors as d101 stacked layers.
2.4.3.2. NaCl crystal changes its habit due to the sec-
torial ordered adsorption of formamide. Hence, this habit
change of NaCl crystals is not due to the random ad-
sorption of the additive. On the contrary, even if the mother
solution is unsaturated with respect to formamide, its mol-
ecules are forced to organize themselves in 2D-d101 layers
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by the crystal field imposed by the {111}-NaCl growing
substrate, so generating a 2D-epitaxy NaCl/formamide.
The experimental evidence revealed by XRPD has been
confirmed either by the calculated geometrical con-
straints to be fulfilled for the epitaxy to occur, or by the
calculation of the interaction energy between a 2D-d101
layer of formamide and the {111}-NaCl bulky sub-
strate [7].
At the end of this complex mechanism, an “anoma-
lous mixed crystal” has been generated: mixed, because
two crystal species occupy the space of a single indi-
vidual; anomalous, because the mixing is not homoge-
neous but highly inhomogeneous, the absorption behavior
within the {100} and {111} growth sectors of NaCl being
totally different.
3. Calcite (CaCO3)
3.1. Geological and industrial aspects
Calcite is the principal rock-forming mineral of lime-
stone (a rock containing at least 50% by weight of calcium
carbonate in the form of calcite) and, generally speak-
ing, is the most common carbonate mineral in carbon-
ate sediments and rocks. All limestones contain at least
a few percent of terrigenous minerals like quartz, feld-
spar, and clay minerals. They can also contain authigenic
minerals like gypsum, anhydrite, pyrite or siderite.
Carbonate minerals precipitate from supersaturated
water by biochemical or direct precipitation processes,
and accumulate as marine, terrestrial or shallow
Fig. 6. With reference to Fig. 4, the sketch shows how sensible the result of the habit change of NaCl crystals is when the formamide concentra-
tion in the mother aqueous solution varies from 0% (a) to 20% (b,c) and 100% (d). Reprinted with permission from Pastero et al. [7]. Copyright
© 2012, ACS.
Fig. 7. XRPD spectra obtained at different temperature (Tspectrum) on NaCl crystals grown at different crystallization temperature (Tcr) from aqueous
solutions saturated at Ts = 95 °C, in the presence of different concentration (Cf) of formamide. (a) Tspectrum = −5 °C, Tcr = −5 °C, Cf = 20%, cooled
under a gradient of 20 °C/h. Top: 111-NaCl peak (lower 2θ angle) + 101-formamide peak (higher 2θ angle). Bottom: 002-NaCl peak. (b) Tspectrum = 25 °C
on crystals obtained by evaporation at Tcr = 30 °C (initial Cf = 20%). Top: Asymmetric 111-NaCl peak (lower 2θ angle). Bottom: 002-NaCl peak.
(c) Tspectrum = 25 °C on crystals obtained by evaporation at Tcr = 30 °C (initial Cf = 60%). Top: Asymmetric 111-NaCl peak (lower 2θ angle). Bottom:
002-NaCl peak. (d) Tspectrum = 25 °C on crystals obtained by evaporation at Tcr = 30 °C from a NaCl pure formamide solution (Cf = 100%). Top:
111-NaCl peak. Bottom: 002-NaCl peak. Adapted from Pastero et al. [7]. Courtesy American Chemical Society.
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tropical seas deposits. Limestone can also form through
evaporation. Speleothems and travertine are limestone con-
cretions formed through evaporation. Carbonate rocks rep-
resent 1/6 of the global sedimentary mass and can give
geological information about the conditions of precipi-
tation, erosion, transportation and deposition. More-
over, the fossil content give information about the
environmental conditions during the precipitation. Last,
the composition of limestone reflects the composition of
waters and its physical-chemical conditions during pre-
cipitation. So, studies on carbonate rocks are valuable for
the comprehension of many geological and environmen-
tal issues as former climates, depth of water, tempera-
ture, salinity, proximity to shore, depth of burial and
presence of waves or currents.
Limestones can be aquifers with variable water-
yielding properties, from confining formations to really
productive aquifers. These rocks can act also as hydro-
carbons reservoirs due to their porosity and relative per-
meability that are in turn affected by their composition
and geological history and ore deposits for many metals
like zinc, mercury, silver and lead. Limestones are an es-
sential mineral commodity. The chemical purity require-
ments vary by intended use. Depending on its chemical
purity, the raw material obtained from carbonate rocks
can be used in a large variety of applications: chemical
and construction industry, agriculture and environment.
For example it can be used as lime (CaO) source for
chemicals. It is also applied to soils and water treat-
ment, to metals smelting and as filler in many products
(paper, plastic and paint). Limestone is widely used to
produce Portland cement and aggregate in concrete and
asphalt, or as building stones in building industry.
3.2. Crystallography of calcite and similarities with
the NaCl structure
The structure of calcite, the stable polymorph of CaCO3
at room temperature and pressure, is rhombohedral (space
group R 3c), with lattice parameters and angles:
a0 = b0 = 4.969 Å, c0 = 17.06 Å; α = β = 90°, γ = 120°. The
strong anisotropy introduced by the planar and triangu-
lar CO32− ions is not compatible with the higher sym-
metry of the cubic system; nevertheless, interesting
similarities occur between calcite and halite. As a matter
of fact: (i) when viewed along its unique axis A3 of
maximum symmetry, calcite appears as built by the 00.1
lattice planes populated by alternating positive Ca2+ and
negative CO32− charges, which corresponds to the Na+ and
Cl− 111 layers alternating along the four A3 axes of halite;
(ii) the cleavage {10.4} rhombohedron of calcite corre-
sponds to the cleavage {100} cube of halite, the 10.4
lattice planes being populated by an equal number of pos-
itive (2+) and negative (2−) charges, in the same way as
the 100 planes of NaCl are made by an equal number
of positive (1+) and negative (1−) ions.
3.3. The equilibrium shape of calcite: from a cliché to
the scientific complexity
For a long time, a tale outlasted about the equilibri-
um shape of calcite. As part of the yet surviving confu-
sion between the equilibrium and growth shape, a diffused
conviction has been propagated up to this day, i.e. the
{10.4} cleavage rhombohedron plays the double role of
both equilibrium and growth shapes of calcite. Frankly
speaking, this is too much, even for the most celebrat-
ed crystal of the history of crystallography.
Here we will cover the path toward a reliable way of
thinking about both equilibrium and growth shapes of
calcite.
3.3.1. The importance of the minimum energy profile
of the different crystal forms, of the reconstruction of
polar surfaces and of the surface relaxation
Heijnen published, in 1985, the first paper that clearly
faced the drawbacks encountered when dealing with the
polar surfaces found in calcite [21]. Resting on the Hart-
man’s way of thinking (the Periodic Bond Chain anal-
ysis, PBC) [22], he found that the steep {01.2}
rhombohedron can show two sharply different outmost
surface profiles: one,{01.2}a, is Ca2+ terminated (Fig. 8,
right inset), while the other one, {01.2}b, is CO32− ter-
minated. Moreover, to cancel out the {01.2} surface po-
larity, he concluded that only one half of the ions lying
on the outmost layer (for both calcium and carbonate)
has to be taken into account. This complexity does not
occur for the cleavage {10.4} rhombohedron, since its
surface profile is unique and not affected by polarity
(Fig. 8, left inset). To calculate the specific surface energy,
γ 01 2. , at T = 0 K and without surface relaxation, he
adopted for the crystal field a simple electrostatic model
made by the elementary charges Ca2+ and C O+ −1 3 1 and
found, in erg cm−2, that γ 10 4 1089.{ } = , γ 01 2 3547.{ } =a and
γ 01 2 4351.{ } =b . Having considered that the Ca2+ termi-
nated profile is the most probable and applying the Wulff’s
plot to the evaluation of the equilibrium shape, it fol-
lowed that, at 0 K and without relaxation, only the cleav-
age {10.4} form can enter the equilibrium shape of calcite.
Later on, in the decade 1993–2003, the results ob-
tained by Heijnen were improved by using more suit-
able potential functions or Hamiltonian to describe the
interatomic interactions and by introducing surface re-
laxation [23]. Nevertheless, due to inappropriate choice
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of the surface profiles of the forms investigated ({01.2}
{10.0} and {00.1}), the {10.4} form continued to be the
only one belonging to equilibrium shape.
Having kept in mind the extremely wide richness of
the calcite growth morphology, we attempted to study
the most frequently observed growth forms ({10.0},
{21.4}, {01.8}, {10.4}, {01.2}, {10.1}, {00.1} and {11.0})
to verify if they cannot enter the equilibrium polyhe-
dron. Peculiar attention was paid to the forms that need
to be reconstructed ({00.1}, {01.2},{10.1}) and to the
surface structure of the {00.1} and {01.2} forms, which
seems to offer the most suitable interfaces for the prep-
aration of different organic/inorganic monolayer systems
in biomineralization processes [24].
To do that, the following procedure has been
established:
(i) The Hartman–Perdok analysis [22] was applied
to the calcite structure and the character
(flat-F, stepped-S, kinked-K) of the faces was
identified.
(ii) The surface profiles of the slices, of thickness dhk.l,
allowed by the extinction rules associated with the
space group of calcite, were determined and then
the surface reconstructions was performed, when
needed.
(iii) Among the possible surface profiles of a given form,
those profiles respecting the 3D symmetry of the
crystal bulk were carefully considered, to find if
they can be associated with the minimum energy
of the form.
(iv) The equilibrium polyhedron was calculated, through
the Wulff’s plot, both at 0 K and at room temper-
ature introducing both configurational and vibra-
tional surface entropies
(v) Surface relaxation was introduced to estimate the
differences in the γhk.l values with respect to those
obtained with unrelaxed surfaces
(vi) Water adsorption has been evaluated as well.
On the basis of the encouraging results obtained with
the {111} form of NaCl, and having considered the strong
similarity of the NaCl and calcite structures, we adopted
the scheme of the octopole also for determining the surface
profiles of the reconstructed {00.1} form of calcite
(Fig. 9).
Surprisingly, the {01.2} and {00.1} and {10.0} forms
can enter the athermal equilibrium shape of calcite, at
variance with all the just quoted works, where the {10.4}
form is found to be the only one belonging to the equi-
librium morphology. Moreover, when recollecting our
results on the reconstructed {01.2} form of calcite and
{111} NaCl octahedra, it can be stressed that the bulk
crystal symmetry has to be considered if one aims to
achieve the self-consistency of the surface reconstruc-
tion (Figs. 10 and 11).
At the time being, one can say that an old legend has
been finally debunked: if the most reasonable profiles of
the calcite forms are taken into account, through the
Hartman–Perdok method, and suitable potential func-
tions are used along with temperature effect and surface
relaxation, the equilibrium shape is built by two F forms,
Fig. 8. (Left) The structure of calcite (a) viewed along 421[ ]the PBC (b). These periodic bond chains (PBCs) are drawn along with the intercon-
necting bonds within the slices of d104 and d012 thickness. The sharp difference between the two slices is due to the fact that Ca ions are shared by
contiguous d012 slices, while no ion lies on the borders of the d104 slice. The half-filled Ca ions (outmost d012 layer) indicate that 50% of the Ca
ions along the 421[ ] row are missing, as required by the structure of the 421[ ]PBC. (Right inset) The structure of calcite viewed along the 010[ ]
PBC. Dotted ellipses enclose the helix-shaped 010[ ]PBC (left side): in the resulting outmost Ca layer of the (012) face, 50% of the ions are missing,
according to the surface mesh consistent with the bulk symmetry (right side). Adapted from J. Crystal Growth 310, (2008) 706–715. Courtesy by
Elsevier, 2008.
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{10.4} and {01.2}, one S form, {10.0}, and a K form,
{00.1}. For two out of them, the polar {01.2} and {00.1}
forms, a surface reconstruction is needed and, finally, it
was found that the CO32− terminated surfaces are privi-
leged to build the equilibrium shape of the crystal. All
these features have to be necessarily considered when in-
terpreting every experimental results (growth kinetics, epi-
taxies) where the crystal/mother phase interfaces are
involved.
3.3.2. Growth shapes of calcite: a complex case study
As we mentioned above, when dealing with NaCl,
while the equilibrium shape of a crystal is unique, for a
given T and a surrounding medium, the growth shapes
Fig. 9. Ca terminated (00.1) surface profile face of calcite, reconstructed using neutral octopoles. The surface polarity is canceled out by remov-
ing 75% of the Ca ions in the outer layer and 25% of the CO3 groups in the underneath one. The octopole (right side), composed by four Ca ions
and four CO3 groups stacked along the threefold axis, reproduces the {10.4} cleavage rhombohedron. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. The evolution of the calculated equilibrium shape of calcite: (left) the “traditional” one is built by the only cleavage rhombohedron; (center)
the relaxed one, at 0 K, obtained from the γhkl values using a B3LYP for {10.4} form and Rohl potential function [25] for the other forms. For the
reconstructed {01.2} and {00.1} forms the minimum for the γ values are obtained when the surface profiles respect the symmetry of the bulk crystal;
(right) the final one, at 0 K. when the main {10.4}, {10.0}, {11.0}, {01.8}, {01.2}, {00.1}, and {21.4} forms have been considered. Adapted from
Bruno et al. [24i]. Courtesy by RSC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
Fig. 11. The comparison between the equilibrium shape of calcite calculated (a) in the presence of water adsorption and (b) in the vacuum shows
that the effect of water is fairly homogeneous and moderate. Reprinted with permission from Bruno et al. [24m]. Copyright © 2013, ACS. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of a crystal can vary according to the properties (ther-
modynamic and kinetic) of the mother phase. For that
reason, we accounted for an amazing number of com-
bination of growth forms, as comes out from an inves-
tigation about natural calcites described by Sunagawa
[26] and Goldschmidt [27], in his monumental “Atlas der
Kristallformen,” and concluded that the ranking of
the occurrence frequency (%) is: {10.0}(S-46.3),
{21.4}(S-38.9), {01.8}(S-37.2), {10.4} (F-35.7),
{01.2} (F-24.2), {10.1}(F-23.8), {00.1} (K-17.2),
{11.0}(F-14.1), plus other 25 forms with an occurrence
frequency comprised between 1% and 6% of the 2500
observed crystals found over the world. Here, within the
round brackets, we indicated both the character of the
form and the occurrence frequency. At first sight, it is
surprising that the three most recurrent forms have stepped
(S) character and that the kinked {00.1}K-form should
be more important that the flat F-prism {11.0}; however,
it is worth remembering that natural crystals usually do
not grow from “pure aqueous solutions,” and that for
calcite, the growth does occur in a wide range of tem-
perature and pressure. For our purpose we will examine
some interesting cases of growth morphology.
Historically, the cleavage {10.4} rhombohedron has
been the most investigated growth form, owing to its large
and shining faces and also because it is the slowest
growing form in pure aqueous solutions, due to its strong
F character, which allows to produce the best AFM images
of growth (or dissolution) surface patterns within a wide
range of supersaturations (Fig. 12) [28].
The example of the {00.1} pinacoid permits to show
how a kinked face could transform in a flat one (K → F
transition), thanks to the modifying effect of a specific
impurity present in its mother solution.
As shown in Fig. 13a, when increasing concentra-
tions of Li+ ions are added to an aqueous solution, su-
persaturated with respect to calcite, the habit of the
precipitated calcite crystals dramatically changes from
{10.4}→{10.4} + {00.1}→{00.1}; the morphology vari-
ation is enhanced by the increasing supersaturation, as
drawn in Fig. 13b. It is worth outlining that the solu-
tion is unsaturated with respect to a potential precipita-
tion of Li2CO3; in fact, zabuyelite cannot precipitate.
Nevertheless, 2D-epitaxial zabuyelite layers of minimum
thickness d002 do form on the growing {00.1} calcite faces,
the epi-adsorption slowing down the {00.1} advance-
ment rate. The layer growth shown in Fig. 13c is the ex-
perimental evidence of the K → F transition in the
character of the {00.1} faces.
Fig. 13d shows that the layer thickness d00.6 = 2.843 Å
(calcite) practically coincides with the d002 = 2.812 Å
(zabuyelite), the related misfit being limited to 1.1%. From
the crystal growth point of view, an important conse-
quence arises. The epitaxially adsorbed d002 zabuyelite
layers can compete with the fresh d006 calcite layers
spreading on the pre-existing calcite face; due to the same
thickness, calcite and zabuyelite layers encompass and
overwhelm each other. As a final result, in perfect analogy
with the adsorption/absorption sequence occurring in the
case {111}NaCl/formamide, zabuyelite layers are buried in the
{00.1} calcite growth sectors. This has been experimen-
tally proved by cathode-luminescence measurements
(Fig. 14) and by XRPD diagrams. Hence, a new anom-
alous mixed crystal calcite/zabuyelite is generated, since
only the {00.1} growth sectors is affected by the ab-
sorption of the epitaxially adsorbed phase. As a matter
of fact, when a deeper observation about the lithium effect
is performed, a more complex behavior of the calcite crys-
tals is evidenced. If one puts a calcite {10.4} rhombo-
hedron as a seed in a lithium bearing growth solution,
supersaturated with respect to calcite, then the {00.1}
pinacoid begins to form and new growth layers propa-
gate on both the pre-existing {10.4} faces and on new
{01.8} faces, which took the place of the rhombohe-
Fig. 12. (Left) The theoretical 2D growth islands on the {10.4} and {01.2} forms of calcite. (right) A growth spiral on the {10.4} form [28]: the
directions of the growth steps, symmetry related by the glide c plane, reproduces those of the borders limiting the 2D islands drawn on the left
side.
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dron edges (Fig. 15a). If the crystals continue growing,
their morphology will be completely changed and the
shape of the original seeds will disappear (Fig. 15b). It
has been proven [24b] that the growth layers running on
and covering both {10.4} and {01.8} faces can do it
because the following 2D epitaxies can set up: {10.4}calcite
/{001}zabuyelite; {01.8}calcite /{001}zabuyelite; {01.8}calcite
/{100}zabuyelite.
Summing up, this habit change is a spectacular case
study, illustrating how much the morphology of a simple
crystal can vary owing to the action of a simple ion added
to the growth medium and, accordingly, how many mecha-
nisms can be promoted. Lithium, as a monoclinic Li2CO3
crystal, can be epitaxially adsorbed on the {10.4} and
{01.8} faces, modifying the character (from S to F) of
the {01.8} flat rhombohedron; moreover, the epi-
adsorption modifies as well the character (from K to F)
of the {00.1} pinacoid and, at the same time the epi-
adsorption is followed by the absorption of ordered crys-
talline Li2CO3 layers within the growth {00.1} sectors.
One of the most instructive cases, representing the
complexity of the calcite growth forms, is that concern-
Fig. 13. Calcite crystals nucleated and grown from aqueous solution in the presence of varying concentrations of lithium: (a) the {00.1} pinacoid
dominates on both cleavage and acute rhombohedra; (b) the “morphodrome” showing the habit change ({10.4} → {10.4} + {00.1}→{00.1}) with
increasing lithium concentration and solution supersaturation (β); (c) SEM picture showing that the {00.1} form grows layer by layer and then
assumes F character in the presence of lithium; (d) schematic drawing of the 2D epitaxy between the d002 layers of lithium carbonate (zabuyelite)
and the {00.1} substrate of the growing calcite; the quasi-equivalence of the thickness d00.6 (calcite) and d002 (zabuyelite) is highlighted as well.
Adapted from Pastero et al. [24a]. Courtesy by ACS.
Fig. 14. (Left) Cathode-luminescence (CL) panchromatic image of the whole gel-grown calcite crystal, (center) corresponding crystal orientation,
and (right) sector zoning (10.4) sector; funnel-shaped (00.1) sector.
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ing the {21.4} scalenohedron, which, surprisingly, is the
second most frequently occurring form of natural cal-
cites, as we mentioned above.
In Fig. 16 (top) the wavy stepped character of this form
is illustrated along the right (D) and left (L) faces, mu-
tually related by the symmetry planes (a-bottom). In
Fig. 16 (b-bottom) a peculiar case of adsorption is drawn:
herein, we will discuss this case in detail [24].
Hazen et al. [29] experimentally found that L-Aspartic
molecules (L-Asp), versus D-Asp, adsorb preferen-
tially on the L-faces of the scalenohedron while the inverse
was found on the D-faces of the same form. Here, we
would like to outline that the interpretation proposed by
Hazen’s group on the enantioselective adsorption is
grounded on the interaction of a single molecule of the
adsorbate with the crystalline substrate and the struc-
Fig. 15. (a) When a calcite crystal, initially showing the only {10.4} rhombohedron is put in a lithium bearing growth solution, new layers gen-
erate the {00.1} form and continue spreading on the adjacent pre-existing surfaces. Then, the {10.4} surfaces remain unaffected, while the {01.8}
form takes the place of the rhombohedron edges. (b) Successively, the layers started from the {00.1} form encompass the crystal until the original
morphology wholly disappears.
Fig. 16. (Top) The stepped profile of the {21.4} scalenohedron of calcite viewed along the < 441 > zone axis. (bottom): (a) The scalenohedron
with the directions of the edges between the equivalent faces. The up–down view along the [001] direction schematically represents the faces (D,
L) related by the symmetry planes according to Hazen et al.’s labeling [29]. (b) All the forms belonging to the < 441 > zone axis are represented,
with the prevailing scalenohedron, for the sake of clarity. On the (21.4) face, the repeat 2D meshes of Ca ions lying in the outermost d21.4 layer are
also represented. Adapted from Aquilano et al. [24k]. Courtesy by ACS. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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ture of the substrate is not viewed as a set of well-
ordered bond chains, which is physically sensible, but
as a distribution of different atomic species at different
levels with respect to the average crystallographic plane.
However, our way of thinking starts from the expe-
rience we gained in experimental and theoretical inves-
tigations on the adsorption/absorption phenomena
occurring in calcium and barium carbonates growing from
aqueous solutions in the presence of specific additives.
Accordingly, we were induced to extend the model of
2D epitaxial adsorption to the interpretation of the enantio-
selectivity of the couple {21.4} calcite/aspartic acid.
Let us recollect the cell parameters (in Å) of the mono-
clinic and polar L-aspartic acid: a0 = 7.61, b0 = 6.982,
c0 = 5.142, β = 99.84°, and consider the d020 slice, which
is allowed by the systematic extinction rules. Owing to
the P21 space group, this slice does show polarity along
the [010] axis, due to the lack of the mirror symmetry
(i.e., the 010 plane). Let us superimpose now the d020 Asp
slice onto the (21.4) D-face of calcite and turn it around
its [010] axis until the [100]Asp and [001]Asp vectors co-
incide with the calcite scalenohedron edges [ 441] and
[12 1], respectively. The excellent fit of the coincidence
lattice occurring at the resulting calcite/Asp interface is
illustrated in Table 1. Then, one is induced to hypothe-
size the occurrence of a 2D epitaxy between a d020 slice
of Asp and the (21.4) face of the calcite scalenohedron.
Further, the existence of Asp-epitaxial monolayers of
thickness d020 = 3.491 Å implies a well-defined orienta-
tion of the Asp-molecules with respect to the
scalenohedron substrate. In other words, the adsorbed
monolayer must behave as a polar one; i.e., the (010) face
of the monolayer is the complementary one of its op-
posite (0 10). Moreover, the (010) face of the crystal-
line L-Asp is the mirror image of the (0 10) face of D-Asp.
This means that the enantio-selectivity does not depend
on the surface structure of the (21.4) and ( 23.4) faces
of the scalenohedron (which are symmetry equivalent),
but on the coupling between the substrate and the prop-
erly oriented epitaxial layer of molecules of suitable chi-
rality. This is a fundamental finding, because the 2D
epitaxy of adsorbed polar layers does explain why the
presence of a prevailing enantiomer (L or D) in the growth
solution can differently affect the growth rate of L and
D faces of the scalenohedron that, in the absence of this
kind of adsorption, would grow at the same rate.
This reasoning is also fundamental to understand why
a stepped form as the {21.4} could be so important in
the growth morphology. In fact, from Table 2, one could
argue that {21.4} cannot enter the equilibrium shape of
calcite, even if the surface relaxation strongly reduces its
surface energy value; nevertheless, if the above men-
tioned adsorption is considered, another severe γ reduc-
tion will affect the {21.4} form and then it could enter
the equilibrium shape. It follows that this 2D epitaxy
would affect both the shape of calcite at the nucleation
stage and the shape of the growing crystals, due to its
hindering action on the {21.4} terraces, with respect to
the incoming flow of calcium and carbonate ions of the
supersaturated mother phase.
4. Gypsum (CaSO4 · 2H2O, space group C2/c)
Gypsum (calcium sulfate dihydrate, CaSO4 ·2H2O) is
the most abundant natural sulfate. It is widely present in
the earth crust and plays important roles in various geo-
logical (for instance crustal deformation dynamics) and
environmental (for instance the global distribution of Ca2+
and SO42−) processes. Gypsum is also heavily used in in-
dustry, as a construction material (plaster, mortar, blocks,
additive to Portland cement, etc.), a component of fer-
tilizers and soil conditioners for high sodium soils, and
even in the cosmetic (foot creams, shampoos and other
hair products) and food (tofu, dough conditioner, brewery,
etc.) industry.
Calcium sulfate scaling is a major issue in applica-
tions such as desalination, geothermal energy produc-
Table 1
Coincidence lattice and angular misfit between the (21.4) D-face of calcite and the (010) face of aspartic acid.
Vector (Å) of the 2D coincidence cell
on the (21.4) D-face of calcite
Vector (Å) of the 2D coincidence cell
on the (010) face of aspartic acid
Misfit (%)
3 × 1/3 [ 441] = 38.549 5 × [100] = 38.085 +1.22
4 × 1/3[12 1] = 25.499 5 × [001] = 25.71 − 0.83
ε = angle [ 441]∧[12 1] = 101.08° γ = angle [100] ∧ [001] = 99.84° Angular misfit +1.24°
2D coincidence cell area = 964.64 Å2 2D coincidence cell area = 964.76 Å2 0.0012
Table 2
Surface (relaxed and unrelaxed) energies (γhk.l, in erg cm−2) in the [ 441]
zone of calcite.
form and character {10.4}-F {11.0}-F {01.8}-S {21.4}-S
γunrelaxed (γu) 707 1812 1253 1451
γrelaxed (γr) 536 1232 702 783
Δγ (%) = (γr −γu)/γu 24.18 32.01 43.97 46.04
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tion, and petroleum engineering. Crystalline deposits
formed during these processes are detrimental to the ef-
ficiency of the processes, which has encouraged much
work to characterize the gypsum precipitation behavior
and the development of scale inhibitors that modify the
crystal morphology or prevent the adhesion of crystals
to surfaces.
The aim of most studies on gypsum crystallization up
to now has been to understand the influence of addi-
tives on the nucleation and growth kinetics and the mor-
phology of crystals. A large number of papers can be
found on this topic (see for example Fan and Teng (2011)
for a review [30]). In this section the study of gypsum
without any additives is summarized, with emphasis on
the growth mechanisms and the morphology, that are the
key elements in terms of applied crystallization.
Recently, gypsum crystallization has gained further
interest owing to the study of naturally appearing giant
crystals in Naica (Mexico), which have been proven to
grow very close to equilibrium. This make these crys-
tals, having some unexpected morphologies, an ideal
workbench for close to equilibrium crystal growth studies,
a field in which experiments other than these natural re-
alizations are very difficult of impossible. Some ad-
vances in the understanding of gypsum crystallization
triggered by studies on these natural crystals will be com-
mented. The giant gypsum crystals at Naica are a nice
example of the two-way benefits of studying mineral
crystal growth. On one side, natural crystals often grow
under conditions that are difficult or impossible to re-
produce in the laboratory, thus giving very useful infor-
mation on crystal growth processes in these conditions.
On the other side, the understanding of mineral crystal
growth allows us to derive physical and chemical infor-
mation from the properties of the crystals found in geo-
logical setting, being excellent clues to understand
geological processes. More information on this second
point of view can be found in a review by García-Ruiz
and Otálora [31].
4.1. Crystallography
The structure of gypsum (monoclinic system) con-
sists of layers of SO42− tetrahedra, which are bound to-
gether by Ca2+ cations. Water molecules are arranged
between these layers (Fig. 17).
The anisotropy of the structure is evident. Gypsum has
a perfect 010 cleavage, owing to the structural layers of
water molecules linking the building slabs of SO42− tet-
rahedra with thickness d020 = 7.575 Å. The cleavage planes
run through the weak H-bonds formed by the water mol-
ecules. The presence of water molecules in these layers
also controls crystal growth and morphology, because
crystal faces other than {010} present alternating regions
of water and SO4/Ca with very different bonding energy.
As with any other crystal, the assignment of the unit
cell for gypsum is not univocal. But in the case of gypsum
several such selections are reasonable and have been made
by different authors. This is a potential source of con-
fusion and mistakes, since the indexing of crystallo-
graphic surfaces and directions change with the reference
frame chosen. Three main conventions have been used
for gypsum (length of parameters in Å) [32]:
• a1 = 5.63, b1 = 15.15, c1 = 6.23, β1 = 113.83°, used by
de Jong and Bouman (1939) [33] (C2/c), Cole and
Lancucki (1974) [34] (A2/a) or Heijnen and Hartman
(1991) [35] (A2/a),
• a2 = 6.28, b2 = 15.15, c2 = 6.51, β2 = 127.40°, used by
Ramdohr et al. (1978) [36] (A2/a) or Boeyens and
Icharam (2002) [37] (C2/c)
• a3 = 5.67, b3 = 15.15, c3 = 6.51, β3 = 118.38°, used by
Bragg et al. (1965) [38] (I2/a), Pake (1948) [39] (I/
2a) or Pedersen and Semmingsen (1982) [40] (I2/a)
The three reference systems are illustrated in Fig. 18,
the indexing of the common faces of the gypsum mor-
Fig. 17. Structure of gypsum as seen along the a direction. Some of
the SO42− tetrahedra are shown at the bottom. Hydrogen from the water
molecules are not shown to visually highlight the H-bonding layers
perpendicular to the b direction. A perpendicular view (along b) is shown
in Fig. 18. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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phology using these reference systems is illustrated in
Fig. 19. They are related as:
a c b b c a c2 1 2 1 2 1 1= − = = +, ,
a a b b c a c3 1 3 1 3 1 1= = − = − +( ), ,
In this paper we will use the reference frame by de
Jong and Bouman, since it is the most suitable to work
with the growth morphology of gypsum; it’s not unin-
tentional that this frame, along with the analogues by
Cole–Lancucki and Heijnen–Hartman have been called
as “morphological cell.”
Other indexing frames can be found in the literature
such as
• a4 = 10.47, b4 = 15.15, c4 = 6.28, β1 = 98.97°,
• a5 = 10.47, b5 = 15.15, c4 = 6.51, β12 = 151.55°,
but they are of relatively less importance and, conse-
quently, not shown in Fig. 18.
The hkl indices of crystallographic features in previ-
ous literature must be converted from the reference frame








hj are the indices (column vector)
in the old and new reference systems respectively and
M in one of the following transformation matrices:










































































































The corresponding transformation of the form indices
is shown in Fig. 19.
4.2. Morphology
Gypsum is also an excellent model for crystal mor-
phology. Traditional methods to compute the equilibri-
um shape of a crystal are based on the minimization of
the surface energy of the ensemble of atoms limiting the
anisotropic solid [10,11]. Several methods have been used
to this end, among which the Periodic Bond Chains for-
malism [22], is the one used most often. The structural
morphology of gypsum was first investigated using this
method by Simon and Bienfait [41], who calculated the
electrostatic attachment energies for the F faces. The sta-
bility of the monolayered steps building the 2D nuclei
on all the flat (F) forms was also determined by these
authors. They calculated both the theoretical equilibri-
um and growth shapes to be platy {010}-dominated crys-
tals bounded by faces {010}, {120}, {011} and {-111}
(Fig. 20a) but, as they themselves recognized in this first
article, “the agreement with the observed habit is not par-
ticularly good, and this is shown to be the consequence
of the adsorption of the solvent on faces and edges of
the crystal.” The limitations of the methods to compute
crystal morphology show up in this lack of agreement:
• The crystal is assumed to be in vacuum so they usually
fail when solvent interactions are important like in hy-
drated crystals like gypsum.
• Only F forms are considered for the analysis, while
S and K forms can enter the growth morphology of
crystals by generating new periodic bond chains
through temporary solvent and/or impurity adsorp-
tion at the surface.
Fig. 18. Reference frames often used to index gypsum crystals super-
imposed on the atomic structure projected along the b direction (this
direction is perpendicular to the paper in all cases (from paper to the
reader in references 1 and 2, and from the reader to paper in refer-
ence 3). The crystallographic a and c directions are shown for the first
three systems discussed in the text along with the respective unit cells
shown as transparent blue, green and orange polygons. (For interpre-
tation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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• Atoms and molecules at the surface of the crystal are
assumed to be rigidly fixed at the crystallographic po-
sitions defined by the structure; i.e. no surface recon-
structions that may change the surface energy are
usually taken into account.
• No knowledge on the crystal growth unit (the indi-
vidual units incorporating into the surface from the
solution) is incorporated so layers having a thick-
ness dhkl 2, dhkl 3, dhkl 4… must be considered
as candidate surface layers (provided they are con-
sistent with the crystal structure and symmetry).
The first problem was identified by Simon [42] and
further investigated by Van der Voort and Hartman [43]
who realized that two kinds of water molecules can be
present on the crystal faces: one that belongs to the crystal
structure and is not removed when the face advances, and
the other one that does not belong to the crystal struc-
ture and must be desorbed before the face can continue
growing. They proposed that the first situation happens
in the case of the {011} form while the second one is
the case of the {1111} form. Consequently, the growth
rate of {111} is reduced with respect to that of {011} due
Fig. 19. Typical morphology of a gypsum crystal showing the forms indexed using reference systems 1 (left), 2 (center) and 3 (right).
Fig. 20. Selection of equilibrium morphologies for gypsum from literature. All indices refer to forms, not individual faces. (a) PBC morphology
(Simon and Bienfait [41,42]), (b) refined PBC morphology (Van der Voort and Hartman [43]), (c) minimized surface energy morphology without
surface relaxation and (d) with surface relaxation (both from Massaro et al. [44a]). Reprinted with permission from Otálora and García-Ruiz [45].
Copyright © 2010, RCS.
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to this extra energy required for surface dehydration,
ending up as a face much more developed, in good agree-
ment with the experimentally observed morphology of
gypsum.
Weijnen et al. [46], investigating the adsorption of ad-
ditives at the gypsum crystal surfaces using a different
method (broken bond model and critical Ising tempera-
tures), were the first to consider how slices dhkl 2thick
can exist on both {011} and {111} forms, as theoreti-
cally suggested by Hartman and Heijnen [47]. They were
unable to conclusively determine weather full or half slice
growth happens in each of the faces. This important point
was later faced by Heijnen and Hartman [48]; they found
that both the {011} and {111} forms can grow by half
slices and that the difference in attachment energy between
full and half slices is smaller for {011} than for {111}.
The (011) face can therefore start growing by half slices
at lower supersaturations than (111), which can be the
reason for the faster growth of (011) and the larger rel-
ative development of (111). Furthermore, they also found
that {122} is another F form and obtained theoretical
habits that are tabular {010} and contain the forms {120},
{011}, and {111}, in order of decreasing importance.
These habits were reasonably close to most of the known
gypsum single crystals.
The discovery of the giant gypsum crystals in Naica
(Mexico) in 2000 raised new questions on the morphol-
ogy of gypsum. A genetic model was soon proposed [49]
that identified them as a result of crystal growth at very
low supersaturation over a very long time period. The
morphology of the crystals can therefore be assumed to
be very close to the equilibrium morphology, but it
happens to be different from the equilibrium shape known
at the time. Two types of crystals, already described in
other nearby cave by Foshag [50], are present in the Cave
of Crystals in Naica the “blocky crystals” and the “beams.”
Both habits show prisms bounded by {010} and {1k0}
faces and capped by {-111} faces [49]. The more devel-
oped faces are the {1k0} family instead of {010}, several
faces in this family alternating (at least) 2 6≤ ≤k with
{010} segments and composing an overall surface is the
direction of {140} instead of {120}. These two fea-
tures don’t agree with the equilibrium shape known at
the time.
Aquilano and coworkers reexamined the morpholo-
gy of gypsum finding that more accurate models for the
crystal surface could explain all these features [44a–c].
These models predict that the traditionally dominant {010}
pinacoid is overtaken by the {120} prism and new stepped
forms, {100} and {12 2} along with the kinked {102}
form, enter into the equilibrium shape. The equilibrium
shape of gypsum shows not only flat faces but also the
{140} and {180} stepped forms and probably also the
stepped {130} and {170} forms. Using energy minimi-
zation methods, these authors showed that the reorien-
tation of water molecules modifies the coordination of
water molecules and the number of unsaturated bonds
exposed. In the case of the {120}, {130}, {140} forms,
the surface is more solvated and closer to a deeper energy
minimum, which can explain their presence in the stri-
ated surfaces observed in Naica crystals. The resulting
equilibrium morphology is dominated by four F forms,
{010}, {120}, {011} and {111}, and smoothed by four
S forms, {100}, {12 2}, {140}, {180}, and by the K form
{102}, which shows that the contribution of the surface
relaxation is not negligible.
These increasingly accurate studies on the equilibri-
um morphology are much more relevant than it might
seem. The specific surface energy of the different aniso-
tropic surfaces is a key parameter in crystal growth, gov-
erning not only crystal habit but also nucleation and
growth kinetics. The discrepancies in the surface energy
of gypsum observed during the development of morpho-
logical studies could also be a reason for still open and
important problems like the relative stability fields of an-
hydrite and gypsum, which show important discrepan-
cies between thermodynamics theory and experiments,
because specific surface energy is the main control of
nucleation.
Even more characteristic than equilibrium morphol-
ogy of gypsum is the twinning of these crystals, which
is a distinctive characteristic of gypsum [51,52]. Five twin
laws of gypsum (100, 001, 10-1, 201 and 101) have been
reported [53–56], as shown in Fig. 21. It is interesting
to note that none of the respective composition planes
have F character (the first three are S surfaces while the
last two are K forms). The twin energies varies widely
for the five twins with γ PT values of 13.6, 145, 255, 826,
and 848 erg cm−2 for the 100, 001, -101, 201 an 101 laws
respectively. Among these twin laws, 100 seems to be
the more frequent one, both because the twin energy is
smaller and because (100), in spite of being an S face,
belongs to the equilibrium shape of the crystal.
In addition to their widespread presence in laborato-
ry and natural gypsum crystals and their importance for
practical problems related to the production of gypsum
crystals or anti-scale methods, gypsum twins could also
play an important role in the growth of crystals at low
supersaturation. The reentrant angle of twinned gypsum
crystals may work as a potential source of steps that en-
hances growth and modifies the resultant crystal mor-
phology. Given the scarcity of screw dislocations sources
commented before, this mechanism could be important
in low supersaturation growth of gypsum crystals. This
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mechanism has been proposed [45] as the reason for the
formation of the long beams (up to 11 meters) in the Cave
of Crystals at Naica.
4.3. Growth mechanisms
Virtually all studies on gypsum growth mechanisms
have been performed on the {010} form, while the growth
mechanisms of other faces remain almost completely
unknown. Most of these studies have been performed on
cleavage surfaces by using AFM alone [52,57–62], AFM
in combination with LCDCIM [63] or Phase Shift
Michelson Interferometry [64].
The presence of dislocation outcrops on the {010} form
has been reported in dissolution experiments as equal
spaced pits linearly arranged along the 010 cleavage planes
of natural crystals, but they are not screw dislocations.
Raju (1980) concluded that they correspond to low-
angle grain boundaries consisting of equispaced edge dis-
locations [65]. The presence of these edge dislocations
was also confirmed by X-ray topography studies [66].
Although some studies on bulk crystal growth kinetics
in the low supersaturation range and SEM images of
gypsum suggest that growth kinetics are consistent with
spiral growth as the main growth mechanism [67,68],
screw dislocations are infrequently observed on the {010}
form of gypsum crystals during in situ experiments. In
fact, screw dislocation hillocks have been only re-
ported by Driessche et al. [63] as a very infrequent feature.
So 2D nucleation seems to be the main source of growth
steps at any supersaturation value.
The first study of the {010} surfaces of gypsum crys-
tals using AFM (Shindo et al. [57] concentrated on the
atomic level structure of the crystal surface, showing some
degree of rearrangement of the molecules at the crystal
surface and the rigid adsorption of the water molecules
onto the surface. Bosbach and Rammensee [58] showed
that the growth and dissolution on the (010) surface in
aqueous solution is a layer-by-layer process and that the
distinctive step directions (parallel to [001], [100], and
[101]) move with strongly anisotropic velocity. After a
two-dimensional nucleus form, growth occurs via ad-
vancing steps. For monolayered steps, the velocity of [101]
steps is higher, relative to [001] steps, which is a result
of higher step energy for [101] steps. The step velocity
of [101] steps is further increased in the presence of NaCl,
whereas [001] steps advance with identical velocities in
the presence of NaCl. The step velocity was measured
Fig. 21. Top: contact twins of gypsum viewed along the [010] direction. Twin laws: 100 (a), 101 (b), 001 (c), 20 (d), and 10 1(e). For each law,
the contact twins have been drawn assuming that the growth rate of both {120} and { 101} prisms is lower than that of the {010} pinacoid. Dashed
lines represent contact planes. P and T stand for parent and twinned individuals, respectively. It is worth nothing that δ ε100 101 105 02= = °. . Bottom:
the corresponding penetration twins of the top row (obviously, from top to bottom the twin axes, for each twin law, have been rigorously maintained).
Adapted from Rubbo et al. [54,55]. Courtesy by ACS.
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to be up to 30.0 nm s−1 for isolated [100] monolayer steps,
up to 9.5 nm s−1 for [010] steps and 2.5 nm s−1 for [001]
steps. Individual kink sites were observed and its for-
mation energy along [001] steps determined (4.1 ± 0.7
KJ mol-1) in saturated aqueous solution. Van Driessche
et al. [63] also observed steps roughly oriented along
[102].
Macrosteps have been also reported in addition to
monolayer steps (Fig. 22). The height of monolayers is
approximately 7–8 Å, corresponding to about one-half
of the b-axis length (Bosbach and Rammensee [58],
Bosbach and Hochella Jr. [60], Bosbach et al. [52], Van
Driessche et al. [63]). Large, isolated 2D islands bounded
by macrosteps are shown by Van Driessche et al. [63].
The frequency of these high islands decrease exponen-
tially with height, but some of them made of more than
20 monolayers have been observed. The mechanism of
formation of these multilayer islands is yet not known,
and can be an important contribution to the growth ki-
netics at low supersaturation.
Studies on the effect of additives on the atomic-
level topography of the {010} face of gypsum show an
strong impact of phosphonate [58]. Adsorbed HEDP and
ENTMP molecules were attached to step edges, result-
ing in a change in step morphology. Inhibitor concen-
tration and the reactivity of step edges seem to be the
main factor controlling the step morphology in these situ-
ations. Ex-situ images of gypsum crystals exposed to tar-
taric acid reveal that an amorphous coating has been
precipitated at high tartrate concentrations, whereas low
tartrate concentrations result in jagged or curved steps.
[101] steps show the most significant change in step mor-
phology: at low inhibitor concentrations linear steps
become jagged, whereas high inhibitor concentrations lead
to smoothly curved step edges. On the (010) surface, [101]
steps are more reactive compared to [001] steps. In-situ
experiments in the presence of citrate clearly show reduced
growth rates. In-situ SFM experiments confirm the in-
creased inhibition effect of phosphonic acid derivatives
compared to carboxylates.
Fig. 22. In situ AFM image (a) and profiles showing monolayer (b) and multilayer (c) islands growing on the {010} gypsum face in contact with
a supersaturated CaSO4 solution. (d) Histogram representation of the frequency of multilayer 2D islands observed as a function of the number of
layers they contain. (from reference Van Driessche et al. [63]). Reprinted with permission from Van Driessche et al. [63]. Copyright © 2010, ACS.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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